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ABSTRACT
Using existing research, analytical methods, and computational simulations, the feasibility of a 
10 MW HTGR for research purposes is explored. Great strides are underway in fission 
technology for energy production, and few studies have been conducted on HTGRs for research 
applications. These reactors are compact, have long refueling periods, and inherent safety 
features. Valuing safety, cost, and ease of operation, this study proposes a HTGR pebble-bed 
reactor (PBR) be designed for university research, and sets up a framework for future projects at 
WPI. 
I. INTRODUCTION  

 The premise of this study is based upon HTGRs for research purposes, but their function 
as energy production cannot be dismissed. As the world develops and fossil fuel supply rapidly 
decreases, alternative non-destructive forms of energy are required. Energy and research reactors 
can be developed concurrently, due to the modular quality, low power, and high flux of 
Generation IV fission reactors. This paper examines the benefits and characteristics of HTGRs, 
uses analytical methods to further investigate a simple reactor design for research purposes, and 
sets up a framework for computational methods using Monte-Carlo N-Particle Transport Code 
(MCNP). Ultimately, this study was the first step in designing the first Generation IV HTGR 
university reactor in the United States. 
1.2 Background
 HTGRs are a type of small modular reactor (SMR), which are classified as generation IV 
reactors. Generation IV reactors are highly economical, posses inherent safety features, produce 
minimal waste, and are proliferation resistant. (IAEA, 2014) These are a far cry from current 
commercial power reactors, which require massive amounts of material, use large pools of water, 
and have plenty of safety concerns. 
 No generation IV reactors are currently active, but some projects are under construction 
and multitudes of designs exist. They include pressurized water reactors, molten salt reactors, 
liquid metal cooled reactors, and high temperature gas cooled reactors (HTGRs). 
From these models, a HTGR design with a pebble bed core was chosen based on the following 
qualities:
i. Safety 
ii. Ease of operation
iii. Cost
Safety
Due to small core size, all HTGRs have limited power levels and utilize passive features to 
achieve complete shutdown. Inherent safety is stressed in every HTGR design, and it is near 
impossible for any any harmful release of radioactive materials to occur. A low energy density in 
the core and large heat capacity of the shielding graphite means that the reactor will take days to 
heat up to a critical level – providing ample time for response in case of such a situation.  The 
insertion of the control rods into the core is controlled by gravity, and no complicated machinery 
is involved, decreasing potential mechanical errors. Safety is heightened even further in pebble 
bed reactors by the use of fuel “pebbles”  - individual spheres of fuel, in many cases uranium 
dioxide (UO2) encased in graphite and ceramic, both to reflect and moderate the reaction. These 
fuel spheres can be heated to extreme temperatures without fuel degradation. (ORNL) This type 
of fuel also prevents weapons proliferation, and actually can recycle or utilize unused weapons 
fuels such as highly enriched plutonium.  See Section 1.3 for more on pebble fuel.
Ease of Operation
 Another attractive characteristic of HTGRs is their low maintenance. These reactors are 
designed to function with little human interaction, and refueling periods can be up to a few years. 
(IAEA). In pebble bed reactors, refueling is able to be conducted while the reactor is functional 
and on-line, by simple insertion of the pebble fuel into the core. This is not the case with reactors 
like current light water reactors, where the entire facility must be off-line to conduct the time 
consuming refueling process. 
Cost
 The size of these reactors also contributes to cost and construction. Because of their low 
power and size, these reactors naturally require less material to shield. Building costs of a reactor 
facility would be significantly less than those of a Generation II light water reactor, which 
utilizes a massive pool of water and complicated shields. Most designs are also intended to be 
built underground, reducing additional structural costs. In a PBR HTGR, helium (which is 
chemically inert) is used as a coolant. Very high flux is able to be reached in a small core, which 
makes HTGRs ideal for research purposes where the focus is on neutron production. 
 Additionally, modular reactors benefit from economics of scale – the pattern of decreased 
fixed cost per unit as scale of output increases. In theory, if these reactors were commercialized, 
this pattern would follow.
 An essential factor in HTGRs becoming a reality, both as means of energy production and 
research reactors is public acceptance. General opinion of nuclear power has historically been 
very skeptical and negative, largely due to reactor failures like Chernobyl or Fukushima. Those 
with little knowledge of physics or reactor design will understandably be skeptical of the 
construction of nuclear power plants. Little has been done by energy agencies or lobbyists to 
market towards public opinion, which could come to be the deciding factor on HTGR reactor 
projects in the near future. A reactor concept like a PBR has some potential to gain favor, as it is 
a simple and straightforward design with new and widely unheard of technology, such as fuel 
spheres. The attractive core neutronics and statistic impossibility of core meltdown can easily 
explained and simplified for the layperson.
1.3 FUEL
 The most common type of HTGR design uses pebbles as fuel. These sphere pellets of 
fuel are complex and a very promising technology for the future of nuclear reactors. Tristructural 
isotropic (TRISO) fuel particles are currently under studies in the U.S. by Idaho National 
Laboratory and Oak Ridge National Laboratory, both which have had great success in their 
safety testing. These tiny TRISO fuel particles are less than a millimeter in diameter, typically 
UO2 or UCO. They are coated in a layer of carbon (graphite), a thin layer of silicon carbide, then 
another shell of carbon. Approximately 25,000 of the particles are then combined and fabricated 
into a sphere (Figure 1). These larger pebbles range from 5cm to 9cm, and 7g to 11g, depending 
on the application and the flux desired (Reitsma) (Figure 2). 
Figure 1: TRISO fuel pebble construction
TRISO fuel has been tested at INL and ORNL to observe the fuel under postulated accident 
conditions. The pebbles were irradiated for 600 days at about 2-3 times higher than they would 
be in an HTGR. No particles released fission products that could indicate failure of the coating 
layers. (AtomicInsights) In 2013, the irradiated pellets were inspected after being heated up to 
1800 C, and only a few particles were observed to have any form of failure. 
Figure 2: HTGR Pebble Bed with TRISO fuel, energy vs. lethargy. Comparison 
of fuel pebble weight.(Reitsma)
1.4 Reactor Designs
1.4.1 Energy production
 No generation IV HTGRs exist yet for energy production. These technologies are 
relatively new, and few designs are being pursued in the United States. The following two 
designs are being funded and researched currently. 
Xe-100
 A promising concept is X-energy’s Xe-100, a 100MW pebble bed reactor that is currently 
funded by the Department of Energy with a $40 million development grant. The design favors 
simplicity, modularization, and reduction of construction time. The company is working directly 
with ORNL and INL to advance TRISO fuel. Plant  safety is promised by a power density of 3.7 
MW/m3 , the TRISO fuel with 10% enriched UCO, and underground modular construction 
(Figure 3). Xe-100’s stability relies on nuclear, thermal, chemical and mechanical stability to 
prevent the core from overheating and fuel elements from cracking or changing composition 
(IAEA). 
Figure 3: Xe-100 reactor concept (IAEA)
SC-HTGR
AREVA has created a design for a steam cycle HTGR with 625 MW power. Like the Xe-100, it 
also boats intrinsic safety characteristics and is being backed for commercialization by a industry 
alliance called NGNP. The design builds on past HTGR concepts and has a prismatic block type 
core (Figure 4)  The prismatic blocks are also TRISO coated fuel particles, in block form rather 
than spheres. 
1.4.2 Research Reactors
 For the purposes of this research, focus on reactors for neutron production is more 
pertinent than energy production. Research reactors act as neutron factories - creating 
radioisotopes for medical purposes, scattering experiments, and materials testing. One research 
type reactor in particular inspired the design for this study.
HTR-10
HTR-10 in China, constructed in 1995, reached first criticality in 2000. It was a 10MW (thermal) 
reactor that was intended to be a test for the future,higher power and modular arrangement for 
power production,. The project is expected to be completed by 2017. Although the project 
Figure 4: AREVA SC-HTGR core and reactor layout. 
expanded into energy production, the initial 10MW design had great potential for research 
applications. 
 The HTR-10 is based on a concept first developed in Germany in the 70s, and like many 
new reactor models, is a reincarnation of an old technology. The fuel pebbles, using TRISO 
technology, are designed to withstand temperatures up to 1600 C, much higher than the normal 
operational temperature of the reactor, which is 700-950 C. (Zongxin) As mentioned in section 
1.2 above, this design follows the passive heat transport and cooling mechanisms desired by 
HTGRs. Because the core has such high activity retention due to the fuel spheres, the reactor 
facility does not need to be airtight and can be accessed in case of accident. The core and the 
steam generator are separated into two pressure vessels that further prevent components of the 
reactor from overheating, also allowing for easier access to all parts of the reactor.
A key component of the reactor design is the passive heat removal system. Because the proposed 
reactor in this study will be likely built near a university campus, safety is of utmost importance 
and will be stressed throughout this analysis. The main heat transfer system uses a helium 
circulator, a steam generator and pump, steam turbine, and circulating water system as seen in 
Figure 5. During a normal shutdown, the helium circulator would run and lower the core decay 
heat. In an accident or loss of coolant, the helium circulator would not be effective. In this case, 
all the decay heat would dissipate through the core structure by means of conduction and 
radiation to outside shielding. There are coolers in the reactor cavity that use air circulation, and 
further cooling would be provided by natural water circulation that could continue in the system. 
Because the energy density of this small core is so low, even in emergency situations the decay 
heat could dissipate through the shield of the reactor. Because the fuel spheres are able to 
withstand such high temperatures and the reactor cavity can be naturally circulated with air – a 
rise above this temperature would not be possible. (Yuanhui) 

 There are two shutdown systems that can function independent of each other in the 
HTR-10. The first is a control rod system, the second a absorber ball system. Both are located in 
the graphite reflector. 
There are 10 control rods that can drop into the core on command, using a simple motor. The ball 
system is designed in case of the failure of the control rods. If the rods cannot drop, spheres 
similar in size to the fuel pebbles will drop into the core after the holding tanks are opened on 
demand, and fall by gravity. (Zongxin) More detailed specifications of the HTR-10 can be seen 
in Figure 6.
Figure 5: HTR-10 detailed design (Zongxin)
1.5 WPI Reactor
 The principal purpose of this study was to determine whether a low power pebble bed 
HTGR would have sufficient flux for experiments and if it could compete with other university 
research reactors in the United States. An analytical approach was taken to estimate shielding 
and flux measurements. However, analytical methods cannot accurately account for neutron 
scatter, so the framework for Monte Carlo Method was created with MCNP  to create the 
geometry for future calculations and to find dose rate 30 cm outside the reactor. The design of the 
HTR-10 was first used as inspiration to create a simplified core geometry.  It was reduced to 
cylindrical, 10MW, 20% UO2 enriched core with the dimensions of the HTR-10, and ordinary 
concrete shield.
Figure 6 : HTR-10 specifications (Zongxin)
II. METHODS 
2.1 ANALYTICAL CALCULATIONS
 Analytic calculations that were used focused on neutron cross sections, flux density,  and 
attenuation of neutrons and gamma rays. These calculations are approximations, and not exact. 
Reactor calculations of this kind do not sufficiently take into account neutron scattering, only 
neutron absorption. However, scattering can be included using the Monte Carlo Method., as 
discussed in Section III.
2.1.1 Reactor Neutronics
When a neutron beam passes through a material, it will emerge with reduced intensity due to 
scattering, absorption, and other radioactive emissions (e.g. gamma emission). The beam 
intensity, I, is measured in terms of flux density, or neutron flux. This is equal to the number of 
neutrons crossing the area perpendicular to the area in 1 second. In the 10MW reactor, a simple 
conversion into flux can be made. This flux is an estimate, but a useful one for approximate 
calculations. The desired flux is on the magnitude of 1016 , which is considered a high flux and 
sufficient for research purposes. As mentioned previously, the highest  flux the MIT Research 
reactor reaches is also on the scale of 1016 , and University of Massachusetts - Lowell’s reactor 
produces ~1013.
It is important to note neutron cross sections, denoted by σ, dictate the probability of scattering, 
absorption, and induced fission processes. The effect of all losses in intensity is the total cross 
section, 
σt  = σscatter + σabsorption
 In order to calculate the shielding needed for this reactor, attenuation of neutrons was 
investigated. The intensity of an emerging beam of neutrons after scattering and absorption with 
another material can be found with a simple calculation. A homogenous neutron beam passing 
through a material (1 cm^2 cross sectional area) has incident flux, Io and flux I after passing 
through a distance x of the given medium. (Figure 7)
 Integrating for the intensity, 
Figure 7: Attenuation of neutrons through a slab of 
material
2.1.2 Neutron Energy 
Neutrons involved in nuclear reactions can be classified into 4 sections.
i. Fast neutrons: ~10 MeV to ~0.1 MeV
ii.Intermediate neutrons: ~0.1Mev to ~1000 eV
iii. Epithermal neutrons: ~1000 eV to ~ 1eV
iv. Thermal neutrons: ~1eV and less 
The proposed reactor is enriched with U-235, the total fission energy vs. total cross sections can 
be seen in Figure 8. Here information about the energy distribution can be used for many types 
of calculations. 
The fast neutron region is of particular interest because it has the highest energies, which 
correspond with more dangerous radiation levels. High flux reactors produce high numbers of 
Figure 8: Total fission spectrum for U-235. 
(National Nuclear Data Center)
fast neutrons. The most probable interaction between nuclei and neutrons in this energy region is 
for them to scatter - meaning the absorption cross section will be significantly less than the 
scattering cross section,  σscatter >> σabsorption. 
1.2.3 Shielding Material
 For the shielding material to be effective in reducing both fast neutron and gamma 
radiation, it requires a mixture of heavy and light nuclei to allow for all types of particle 
scattering to happen simultaneously. A inexpensive, low maintenance material is concrete. It 
contains both hydrogen and heavy elements, and can be impregnated with other elements to 
increase its density. 
1.2.4 Absorbed Dose 
Absorbed Dose is the quantity of radiation energy absorbed by matter from ionizing radiation. It 
is defined,
This value is generally expressed in gray (Gy) or rad. (1 Gy = 100 rads)
The energy deposition rate can be estimated using linear energy transfer (LET), where ɸ is the 
particle flux. 
Similarly to the calculation of attenuation, the computation can be visualized with flux passing 
through a section of medium with density ρ and can be integrated over time. Average estimations 
are suitable for the purpose of this study, so the average flux can be used for this calculation. 
1.3 COMPUTATIONAL METHODS
 The Monte Carlo method is necessary in reactor calculations, due to the heavy 
dependence on particle probabilities, such as neutron cross sections. It is also able to predict 
neutron scatter. 
 This paper contains only the preliminary simulation for a 100cm shield. This simulation 
was run first to save time and become comfortable with using and interpreting data from MCNP. 
An additional report was created to have a more sophisticated MCNP calculation by reducing 
error and creating a more complex geometry. The goal of this paper however, was to create a 
framework to make the next calculations less time consuming, and to verify that analytical 
estimations and MCNP simple calculations are in agreement. 
 The geometry of the reactor, as mentioned in Section 1.5, was greatly simplified from the 
HTR-10 model for the initial calculations. The core was reduced to a solid 90 cm x 100 cm 
cylinder of 20% UO2 surrounded by  ordinary concrete shielding. The outside world was air, 
where a sphere was placed 30cm away from the concrete wall to calculate average flux and 
energy deposition of the neutrons after passing through the shielding. The end of the world was 
defined as a cylinder 800 cm away from the origin in x, y, z. (Figure 9) 
Figure 9: MCNP geometry of proposed reactor. Numbers inside circles denote 
cell number, and those in triangles identify their surface macrobodies.The 
colored sphere indicates where flux was measured. 
The source was defined as 20% UO2, rounding up the value of actual enrichment in the HTR-10 
model (~17%). The fission turnoff card (NONU) was used in the initial code. This card simplifies 
the simulation by treating fission as simple capture. NONU is used in non-criticality mode 
because the fission neutrons had already been accounted for in the SDEF card. 
To compare the computation to the numerical result, an F6 energy deposition tally was run. The 
value should theoretically be in the range of the estimated energy deposition.
The MCNP input file was as follows:
____________________________________________________________________________




10 1 -10.97       (-1)   imp:n,n=1      $ core
20 2 -2.3        (-2 1)  imp:n,n=1      $ concrete
30 3 -0.00125    (2 4 -3) imp:n,n=1    $ outside world
35 3 -0.00125    (-4)      imp:n,n=1    $ sphere for flux 
40 0             (3)       imp:n,n=0    $ end of the world
c Surface cards
c
1 RCC 0 0 0     0 100 0   45   $core
2 RCC 0 -100 0   0 300 0  145  $concrete 
3 RCC 0 -800 0  0 800 0   800  $world 
4 S   160 50 0            30   $sphere of air
c data cards
c core is cylinder of UO2
m1 92235.16c -0.881498 8016 -0.118502      $ UO2, avg temperature 900K 
m2 1001 -0.022100  6012 -0.002484  8016 -0.05743930  11023 -0.015208  
     12000 -0.001266  13027 -0.019953  14000 -0.304627  19000 
-0.010045 
     20000 -0.042951  26000 -0.006435      $ concrete




c Watt fission spectrum of UO2 source
SDEF POS 0 0 0  AXS 0 1 0 EXT=d1  RAD=d2  ERG=d3
SI1 0 90      $length of core
SP1 0 1       $probability
c
c
SI2 0 45     $radius of cylinder 
SP2 -21 1    $ uniform distribution
c describe the watt fission spectrum 
SP3 -3  1.025  2.926
c








To find approximate neutron flux,
10MW requires 10 J of energy to be produced every second,
10 MW = 10 MJ  =     6.2 x 1018   MeV   ÷    200.7 MeV/fission   =   3.1 x 1016   fissions / s  
          
Neutrons per fission: 2.4-2.8 (IEAE)
3.1 x 1016  fissions /s  ÷ 2.4 Neutrons/ fission   =     1.19 x 1016  neutrons / s
Neutron attenuation in concrete: 
             
Using the highest neutron energy in the U-235 spectrum, ~10 MeV, the shielding required to 
reduce the beam to a safe flux of ~101 is estimated to be ~100cm.
Energy (MeV)
Figure 10: mass attenuation coefficient in 
concrete (NIST)
3.2 ENERGY DEPOSITION 
The absorbed dose average over the neutron energy spectrum of U-235 was calculated using 
  as discussed in the methods. 
Where the elemental mass of the volume is the mass of the concrete shield, because we want to 
find the energy deposition outside the concrete surface. Choosing a distribution of energies from 
thermal to fast neutrons, an average value was calculated. 
To find volume of the concrete, subtract the volume of the core cylinder from the concrete 
cylinder.
Vconcrete - Vcore = (  π (45cm)2 100cm ) - (π (145cm)2 300cm ) =  1.9 E7 cm3
To find mass of the volume, m = ρ v = (2.3 g/cm3 ) (1.9E7 cm3) =   4.4 E7 g
  
Applying the absorbed dose equation to a range of 
neutron energies results in a average absorbed 
dose of    1.0 E-07 MeV/g
 This analytical result was used to compare to the MCNP result for absorbed dose. The 
input file  ran for 1.0E9 particles, using 1293.81 minutes of computer time. 
The tally for average energy deposition 30 cm away from the concrete shield was 3.2813E-15 
MeV with an error of 0.2491. This error is not surprising, because the area being measured is 
relatively small. Converting this energy into absorbed dose (multiplying by the mass of concrete 
volume in this case) gives a average absorbed dose of 1.44 E-07 MeV/g, very close to the 
analytical result. 
 While the error is large, the value of mean energy measured stayed constant as particles 
were added (Figure 11). This agreement of results can further be verified by running the input file 
for more particles, so that error is reduced to < %5. 
Figure 11: Average energy measured outside concrete 
shield in MCNP
IV. DISCUSSION & CONCLUSIONS 
 A low power HTGR is a viable choice for a university nuclear reactor. The inherent 
safety features, compact size, and high flux make such a design attractive. Using the HTR-10 as 
a design basis validates the study, and shows an operational 10MW pebble bed reactor is 
feasible. The project was successful in creating a simple design for computational testing, and 
future work will be able to add detail and create more complex core geometry. The code was 
verified with a estimated calculation of absorbed dose outside the shield. 
 In the grand scheme, the existence of a WPI research reactor would compete with the 
existing university reactors in the Northeast United States, and could safely power a portion of 
the university facilities. The design of such infrastructure could be spread across many 
disciplines and projects at WPI and collaboration with outside agencies. In the short term, the 
next steps to the project are much more simple. The geometry in MCNP could be made more 
complex, accounting for the fuel pebbles, reflectors, and the beam port for experiments. 
Ultimately, a very advanced  geometry (like in Figure 12) could be developed. Such a model 
accounts for the random fuel distribution of the pebbles and includes all the components of the 
reactor module. 
Figure 12: advanced MCNP model of the 
HTR-10 (Colak)
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